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I>ITRODUCTI O. 
Was te heat is energy that has been discha r ged t o the 
environment on the as sumption that it is no longer useful fo r 
the process under consideration. Generally , this waste heat 
is discharged in the form of condenser water wi th tempe r a tures 
ranging from 90°F ( 32. 2°C ) to 11 0°F (43 . 3°C ) . 
Largest and most widel y d i s tr ibuted sources of wast e 
heat are steam electric power plan t s . Energy s tored in 
nuclear or fossil fue l is converted to electric i t y with 
efficiencies ranging from th i rty to forty percent . Thus, fo r 
every three units of energy consumed onl y one appears as 
electricity and the other two are di scarded as wast e heat. 
According t o Ka rkheck a nd Powel l ( 1 ) today ' s electric 
generating plants produce was t e heat in amounts exceeding t he 
t otal U.S. space and water heat net demand. It must be noted 
that due to its low temperature the wa s te h~at could no t 
practically supply all the space and wa t er heat demand, 
however , because of the vast amount available it cou l d be 
utilized to provide s ome of the demand for e nergy . 
District heating, bas ed on util izing heat currentl y 
wasted , i s a potential partial solution to the problem of 
finding energy to mee t projected U,S . demands . Heat energy 
required for this application is pr ovided a t temperatures 
higher than t he normal outlet t emperatur e of the plant ' s 
conden se r water (2) . Hea t at this t emperature is called low 
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grade heat , ( l00°F ( 37 . 8° C) to 400° F (20 4.4°C)) , and is 
extracted as s team fr om the last stages of t he turbine. 
Remova l of this low grade hea t from the turbine reduces the 
power plant's electrical generating capaci t y and hence there 
is a tr ade-off between the advantage of supplying the high 
temperature heat requ ired for specific applications and the 
cos t penalty associat ed with l ower plant capaci t y . It has 
been shown that, through the use of multipurpose central 
generat ing stations which a r e a source of elec tricity , low 
grade heat, and waste heat, overall eff i ciencies of be tween 
65 and 70 percent can be obtained (3) . 
It is unlikely t hat power plant therma l efficiencies 
of 30 to 40 pe rc ent can be improved signif i can tly , un l ess 
higher operat ing temperatures are made poss i ble through 
major br eakthroughs in the metallurgical field. There-
fore , higher energ y - use effici enc y in the elec tric power 
industry cent ers upon the applicati on of wa s t e hea t in 
vari ous integrated energy use systems. 
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Literature Review 
Generally speaking, energy is produced conveniently or 
economically at some distance fro~ the place where it can be 
used. The task confr onting the engineer is to transport the 
energy from where it i s t o where it is needed. 
In this study the energy source is water heated to some 
temperature above the ambient, usually by a power plant. It 
must be conveyed in some manner to customers located at some 
distance from the source . This can be done indirectly, such 
as by converting the energy produced as heated water at the 
plant to electricity and conveying it over power lines to the 
customer. If necessary, the electrical energy can be turned 
back into heat at an appropriate temperature. The energy 
can also be conveyed directly by transporting the heated water 
through pipelines to t he customer. This method of energy 
conveyance is studied in this investigation . 
Examples of pipelines conveyance of heat can be found all 
over the world . In 1957, Bulgaria began using was t e heat from 
industry and electric generating stations to heat greenhou ses 
[ 4 J . Nearly all Danish towns have district heating pipe net-
works and in Sweden considerable effort has gone into the 
design of heat transportation and distribution systems using 
waste heat f r om nuclear reactors ( ~j Also , large district 
heating systems have been operated in cities like New York , 
Detroit, Chicago, ~ttsburgh, a nd Rochester, ~ew York ( sJ. 
4 
Oak Ridge National Laborat ory has s tudied the techni ca l and 
economic feasibility of district hea ting i n the Minneapo lis-
St . Paul area ( 6 J . As of 1962 , 54 U.S. c ities had district 
heating systems [ 7]. 
Different applications r equi re heat a t different tempera-
tures. The water or steam used in district heating is usually 
delivered at a temperature of 300°F. Certain chemical opera-
tions require heat at higher temperatures, whereas greenhouse 
heating needs can be satisfied by water heated to a tempera-
ture 10 to 20 degrees above the normal grow ing temperature. 
Due to this t emperature variation, there is a difference in 
the piping systems used for district heating from that used 
for was te heat applications . A district heating transport 
system may cost more because of the precautions which must 
be taken to maintain the water a t a higher temperature . This 
requirement might seem to imply that the transport system 
for district heating is more important than t ha t for th e lowe r 
temperature waste heat transport system. Ac tuall y, since the 
low temperature characteristics of a was te heat utili zation 
system requir es that much more water must be c onveyed to 
deliver the required ene r gy , the piping sys tem will be larger 
and more expensive. Therefore, the piping sys t em may contri-
bu te significant l y to the cost of bo th district heating an d 
waste heat utilization systems . 
The c os t ana l ysis of these systems i s vi t al . It was 
shown in the OR~L s tudy that the transportation and dist ri bu -
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tion costs were 66 percent of the total investment ( 6). 
Also , when in 1964 the Bulgarian experiment on g reenhouse 
heating with warm water from industr ial a nd e l ectric generat-
i ng stations was discontinued, one of the reasons given was 
the extensive piping requirements with associated costs [ 4]. 
Most underground heat delivery systems feature high installa-
tion and maintenance costs [ 8] . Ellwood Clyme r, J r . noted 
in this connection that ''if combined heat and power us a ge is 
to become a significant part of our t o tal ene rgy picture, then 
one of the goals is to reduce main installation costs" [ 9]. 
Thus, the purpose of this research is to explore the cost 
composition of the r mal conveyance systems as applied to waste 
heat utilization and to rev,ea l how the overall costs can be 
reduced . 
6 
STATEMENT OF THE PROBLEM 
Once the technical practicality of a waste heat utiliza -
tion project has been established , the economic aspects of the 
problem must be investigated. Potential hidden costs in terms 
of both energy and dollars are important. 
Guidelines and Utilization Costs 
First of all there must be a set of basic guidelines to 
help define the problem and direct the way to a possible solu-
tion, 
Guidelines 
(1 ) No major plant modifications or design changes should 
result from the use of waste heat. 
( 2) If the operational efficiency of the power plant i s 
reduced, the cost will be borne by the heating customers. 
(3) Total cost of the waste heat delivered to the user 
should be competitive with alternative heat sources. 
( 4) The power plant operator can not be held responsible 
for outages, consequently the waste heat customer must provide 
his own standby capacity (8) . 
Wi t h these guidelines in mind , a practical wa ste heat 
utilization system must be economically attractive t o 
investors, 
Waste heat utilization costs can be categorized into 
three major groups: 
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A) Energy costs 
B) Util iza tion costs 
C) Transportation and distribution cos t s 
Energy Costs The cost of the energy , in a waste 
heat s y stem, will depend on the temperature that is requested 
by the user, In the case of waste hea t being used, for 
example, to improve fish y ields in water warmed by power 
plant condenser coolant ( l0,11 ) , the cost co uld be zero as l ong 
as the power plant operation is normal with no decrease in 
generating capacity. Higher temperature heat wo uld be priced 
to compensate the utility for the l oss of reve nu e c reated by 
lower electrical output. This a r ea has been eAplored pre-
v iously(l2 ) a nd wil l not be consider ed in thi s inves tigation. 
Utilization Costs Utiliza tion cos t s will be made up 
of costs for hea t exchangers, heat pump s , valves , and contro l s 
required for waste heat ut il iza ti on. The cost of this equip -
ment can be expensive because of the l a rge volume of l ow 
temperature fluid used . This a r ea has also been s tudie d 
( 6, 1Zl3) and will no t be discussed in thi s s tudy . 
Cost comparisons that would be initi a t ed by the third 
guideline have been conducted by various people (6 . 12) and 
therefore , will not be part of thi s paper, 
Transport ation and Distribution Cos t s Pumps, p ipe s , 
installation cos t s , and the cost of running a nd maintain ing 
the sys tem are wha t mak e up the transportation and 
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distribution costs. The importance of this area to the over -
all economic success of a waste heat utilization system must 
be addressed and therefor e wi ll be the main theme of this 
study . 
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OBJECTIVE 
Transportation and distribution costs are the largest 
fraction of the total cost of a waste heat utilization system. 
These costs have been shown to be as high as 66 pe rcent of the 
tota l investment (6) . Th~refore, the objective of this re-
search is to establish the most economical thermal conveyance 
system as applied to waste heat usage. 
To accomplish this the capital costs, such as pipes and 
pumps, will be investigated, but more importantly the long term 
costs, such as operating costs, wi ll also be s t udied . 
Reasons fo r pipes and pumps being important in this 
water supply system is that in a waste heat environment 
the usable temperature difference is so low that a 
large volume of water must be delivered to the customer 
to supply the heat demand and therefore the supply system 
becomes large and important. Also , exploring operating 
costs over a long period of time is necessary in an 
economic study because of the effect it may have on the 
outcome of the study t o determine which concept is the best . 
If the use of waste heat is to play a role in helping to 
alleviate the world's energy crisis, then an economical thermal 
conveyance sys t em must be developed . Then, when the associated 
conveyance system cost, which is a lar ge fraction of the total, 
is reduced, the idea of wa st .~ heat utilization may be viable. 
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ANALYSIS 0F THERMAL CONVEYA:;CE SYSTEMS 
System Descri pt ion 
For this study of waste heat utilization, the t ype of 
system that will be analyzed is shown in Figur e 1 . Also , 
the sys t em parameters held constant and those tha t vary are 
listed below. Flowrate and the coo lant temperature of the 
plant will be held constant at 20 00 gal / min and l0 0°F ( 37 . 7°C ) 
respectively . The pipe diame t er will change so that the trade 
off be tween high head pumps and small di ame ter pipes and low 
head pumps and large diameter pipes can be invest i gated. 
Powe r 
Plant 
,, / 
"... ' ..._ , , 
Pipeline 
,, 
' '" , Cus tomer 
Figure 1 . Conveyance Sys t em 
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Systems Parameters 
A. Fixed 
1. Flow in gallons / minute 
2. Coolant temperature at plant 
B. Variable 
1. Pipe diameter 
2 . Pipe mater i a 1 
3 . Distance between power plant and customer 
4. Pipe above or below ground 
Pressure Losses 
In a particular application the pump chosen must pro-
vide the necessary flow through the pipe and therefore develop 
the required pressure head. Thus, before selecting a combina-
tion of pipe and pumps, it is necessary to calculate the pres-
sure drop through t he system. This c a lculat i on will determine 
the head which must be developed by the pump to distribute 
the water to the customers. 
where 
The pressure drop is found by using t he equation (14 ) : 
= 
= 
L (> v 2 
= f IT 2C7 
oc 
pressure loss - lbf/ ft 2 
friction factor - dimensi onless 
L = 
D = 
~ = 
v = 
Cf oc = 
12 
leng t h of p ip e - fe et 
d iameter of pipe - fee t 
aensity of the fluid - lbm / ft 3 
v~ locity of t he fluid - f t /sec 
grav it a tional constant - 32.2 
2 sec 
The friction fact or f de pends on pipe inside surface charac -
t erist ics and the Reynolds number, which is defined as (14 ) : 
whe re Re = Reynolds number - dimensionles s 
D = density of the flui d - lhm/f t 3 \, 
v = velocity of the fluid - f t /sec 
µ = viscos ity of the fluid - l bm/f t sec 
D = i nside diamete r of the pipe - feet 
Ta ble 1. Reynolds ~umbers 
Diameter Velocity Re !f Tn~e of Flow 
8" 12. 8 f t /sec 1. 15 x 10 6 Tur bulent 
10" 8.16 II 9.21 x 105 Tur bu lent 
1 2 II 5 . 68 II 7.69 x 10 5 Turbulent 
14'' 4 . 17 ll 6 . 58 x 10 5 Turbulent 
16 II 3 ,19 II 5 . 76 x J. 0 5 Turbulent 
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A Reynolds number less than 2300 indicates laminar flow, 
whereas a Reynolds number greater than 4000 is characteristic 
of turbulent flo w. As can be seen from Table 1, the flow is 
turbulent in every case. 
Now that the Reynolds number is known , th e friction 
factor can be found and the pressure losses calculated. Values 
in Table 2 are taken f r om Cameron Hydraulic Data ( 15) in which 
the results of the above calculations are tabulated. To 
obtain the head loss us ed in determining the pump size, a 
representative value was added to account for the head losses 
in bends, va lves, and flow area changes in the pipe system, 
In the actual case this head lo s s may be g reater than or less 
than the assumed value, but t he oump sel ec ted will be a ble t o 
handle the difference (See Appendix B) . Two pipe mate r ials 
were considered, polyvinyl chloride ( PVC) and ductile cast 
iron ( DCI ) and the distance is the total ci r cuit distance 
to and from the customer. 
Pump and Pip e Selection 
Pump selection depends on the total head loss , the 
corresponding flow, and the pressur e range at which th e pump 
opera te s most efficiently, With this information ayailable, 
a suitable pump can be identified with the aid of a supplier's 
cata logue. For example, a 10x12x2 0 i s a pump with a 10 inch 
inlet, a 12 inch outlet, and a ~axi~um i mpe ll e r si : e of 20 
inches . 
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Table 2. Total Head Loss 
Dis tance 
(miles ) 
1/ 2 
1 
2 
Diameter 
( inches ) 
8 
10 
12 
14 
16 
10 
12 
14 
16 
10 
1 2 
14 
16 
Ve l ocity 
(f t /sec) 
12.80 
8 .16 
5. 68 
4.1 7 
3.19 
8.16 
5.68 
4 .1 7 
3 . 19 
8.16 
5 . 68 
4 . 17 
3 . 19 
PVC He ad 
Loss ( ft) 
282 
95 
39 
18 
9 
190 
78 
34 
19 
381 
152 
71 
38 
DC I He ad 
Loss ( ft ) 
285 
96 
40 
18 
9 
192 
79 
35 
20 
384 
153 
72 
39 
The pump for thi s type of appli ca tion mus t develop a 
high head , be compati ble wi th water (no co rrosion), be 
ine.xpensive , a nd have an efficiency of at leas t eighty per-
cent . The best cho ice is a cast i ron ho r izo ntal- split case 
pump with bronze fittings . 
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Table 3 shows the cost data for different sized pumps 
needed for va rious pipe diameters and different sys tem lengths. 
Tab l e 3 . Pump Cos t s 
Dis t ance 
(miles ) 
1/ 2 
1 
2 
Diame t er 
( inches) 
8 
10 
12 
14 
10 
12 
14 
16 
10 
12 
14 
16 
Head 
Loss 
(ft ) 
290 
100 
41 
21 
200 
82 
38 
25 
390 
155 
74 
45 
Pump Size Mot or 
Size 
( inches ) (hp ) 
10x 8x20 200 
10x8 x20 75 
10x8x20 40 
12xl 0xl2 20 
8x6xl7 15 0 
8x6xl4~ 75 
10x3xl 2 25 
10x8xl2 20 
10x 8x20 300 
10x8xl7 125 
10x8xl7 so 
10x 8xl7 40 
Tota l 
Costs · 
($) 
- -
13 , 000 
10 , 000 
9 , 000 
7 , 000 
9 , 000 
6 , 000 
5, 000 
5 , 000 
14 , 000 
10 , 000 
8 , 000 
8, 000 
16 
Selection of the most economical pipe depends on unit 
pric e and the desired corrosion r esistance t o both t he fluid 
flowing inside the pipe and the environment outside . Poly-
v inyl chloride (PVC) and ductile cast iron pipe (DCI) were 
chosen for this study over s t eel , s ta inless s teel and 
aluminum because they best fit these criteria, with the price 
being the determining factor. Both t ype s of pipe are rated 
at pressures higher than that to be expected at the out le t 
of the pumps, The pipe specification s can be seen in Appendi x A. 
Pipe costs make up the largest part of the initial 
capital costs of the thermal conveyance syst em. Table 4 
compares the prices of both PVC a nd DCI pipe. 
The costs of various pump and pipe combinations can be 
seen in Figure 2. Data presented in Tables 3 and 4 are 
combined and plotted as a function of piping system length, 
For bo th pipe materials, identical pumps were used since th e 
pump characteristics cover t he range of required heads and 
flows needed for both t ypes of pipe. 
It can be seen from the graph that the smal l est diame t er 
and least expensive duct ile cast iron pipe has the lowest 
combined cost . Therefore, t he pipe is the dete rmi ning factor 
as wa s noted previous l y . However, the inclusion of instal-
lation , maintenance, and operating costs will alter the 
outcome . 
Table 4. Pipe Costs 
Di s tance 
(miles) 
1 /2 
1 
2 
Diamete r 
(inches) 
8 
10 
1 2 
10 
1 2 
10 
12 
PVC 
Cos t /ft 
(dollar s) 
1 2 . 32 
21.11 
29 . 4 1 
2 ] . 11 
29 .41 
21. ] 1 
29 .4] 
Total Cost 
(dollars) 
36 , 000 
56 ,00 0 
78 , 000 
11 2 , 000 
1 55 , 000 
223 , 000 
311, 000 
Diameter 
(inches) 
8 
10 
12 
1 0 
12 
14 
16 
10 
1 2 
14 
16 
DCI 
Cost/ft Total Cos t 
(dollars) (dollars) 
8.06 21, 000 
10.61 28 , 000 
1 3 .4 3 36 , 000 
........ 
--...] 
10. 61 56 , 000 
1 3 .43 71,000 
16.29 86 , 000 
19.01 100 ,0 00 
1 0 . 6 1 11 2 ,00 0 
1 3 . 43 14 2 ,0 00 
16. 29 1 72 ,0 00 
19.01 201 , 000 
~\., 
,, ~ / 
2 'v / 
/ 
/ Y:. \., ··~ / ~ 
V) / / w / _. / ...... 
~ / / 
w / / 
u / / z: / c:( .,./' I- 1 / V) ...... / / ....... Cl 00 
/ / 
/ / 
/ / CAST IRON PI PE (C.I. ) / 
1/2 _,/ ~ - - - PVC PI PE / / 
~ / MARC H 18 , 1980 0 
3 10 
COST ($ )x104 
20 
F i g 11r e 2 . Pump an d Pip e Cos t s 
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Heat Loss e s 
A thermal conveyanc e system' s purpose is t o suppl y wa t er 
t o the cus tomer at some s e l ected t empe r a t ure . Th e r e fore , t he 
heat loss to the envi r onment from t he sys tem must be 
considered so that the appropriate inlet temperature can be 
selected . To determine th e best system, both in terms of 
co st and heat losses, differ ent approac he s were studied. 
Because the water i s being pump ed around a circu i t, the 
heat gained by the water from the pump must be included . The 
equation used to calculate the contri but ion is given a s; 
Q = (V ) (hl 77 8 
where Q = heat ga i ned - BTU/ hr 
V = volumetr i c f l owrat e - ft 3/ hr 
2 h = head generat e d - l bf/ f t 
The temperature cha nges in t he water du e t o t he hea t 
ga i ned fr om pumping are so small ( - .3°F ) i n compari so n t o t he 
initial t emper ature of the wate r ( l 00°F ) that this quantity 
can be neglected . 
Heat l oss es corresponding t o f our different di s tribut ion 
systems were investigat ed . The sy s t ems wer e i ns ula t ed 
a nd un in s ula t ed a bove ground svst ems an d i nsu l a t ed and 
uninsulated bur ied sv s tems . Th e he at transfe r ana lvs i s fo r 
th e a boveg r ound cas es i s d i fferent f r om t ha t f o r t he bu ri e d 
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cases as is evident from the following equations. For the 
abovegrou nd systems the heat losses are calcula t ed using 
the following equa tio n (12) : 
Q/ L 
whe r e 
Tw - Ta 
' ~ 
1 ln 
T Oh w 
+ _( R + c) I R_. + 1 n _ _( R + c + d ) I ( R + c) _ ZTTX. 2 K. -p in 
+ 1 
17" (OD) ha 
Q/L = heat loss per unit pipe leng t h - BTU / hr ft 
T = temperature of water - °F w 
R 
c 
d 
= temp e rature of air 
= 
= 
= 
= 
= 
= 
inside diameter of pipe - feet 
out side diameter of pipe - feet 
heat t ransfer coefficient of water 
BTU/h r ft 2 °F 
heat transfer coefficient of air 
BTU/hr ft 2 °F 
inside radius of pipe - fee t 
thickness of pipe - feet 
= thickness of insu l ation fee 
I\ = t h c r n ::i l con cl u c t iv i t y o t p i p e - !HU I h r ft ° F 
p 
K . = th 0 r"' .., 1 ,.. :- - rl u ct iv it y o f ins u 1 a t ion -in 
BTl! / hr ft OF 
In bo th undergr ound exa mpl es . i nsu l ated and uninsulated , 
the heat transfer mode is heat conduction in a semi-infinite 
body . The equation for ca l cula t ing the he a t losses is ( 1 - ) : 
' I ' \..!. t ~ 
1 
1• Dh w 
where 
+ 
21 
T - ,., 
w • s 
ln [(R+c )/R J 
2 rrKP 
+ ln C (R+c +d) / (R+c )J+ ln C-4N / (OD ) ; 
2 J1 K. . 2 rr K in e 
0 
= temperature at the surface - F 
N = depth of pipe centerline below the surface -
feet 
Ke = t hermal conductivity of the earth -
BTU / hr ft °F. 
The a bove method used to calculate the heat l osses is 
a simple one . It is a steady s tate application of conduction 
and conve c t ion . Va lues obtained fo r the heat loss are t he 
maximum values that can be ca l cu l ated. But , because t he 
temperature of the flui d is so l ow this method approximate s 
the hea t loss very well. Fo r a more detail ed analysis t he 
reader may refer to ( 18] 
In th e underg r ound cases the the rma l co nduc t ivity 
of the pipe is so large , compared t o the therma l conductivity 
of earth ( Ke) , th at i ts effect is negligib l e . This makes 
t he value of th e thermal co nductivi t y of the earth th e do -
minant factor in t he heat loss equation. Therefo r e , the 
value 
22 
0 for Ke was taken as 1. 0 BTU/hr f t F . This value 
was used by Kendrick and Havens ( 18) as t he s teady state 
the r mal conductivity of dry soil. Other value s have been 
ca l cu la t ed ( 19] , but t h i s value wil l be used in the heat 
l oss ca lcu l a t ion s . 
In each case , a 12 i nch pipe car rying l 00 °F water will 
be u s ed as the reference case . Fo r t he insulated examples , 
1 1/2 i nches of u r e t hane foam, the r mal conduc t ivity of . 019 
BTU/hr ft °F, su rr ounds the pipe an d for the buri ed cases t he 
pipe wi l l be buri ed six f e e t deep t o ensu r e that it lies 
be low t he frostline. 
Heat loss for the aboveground pipe system inv ol ves both 
conduc ti on and fo r ced convection. Heat conduc t ion through 
the pipe wall and insulation is a straigh tforward analys i s, 
but t he calculations of the fo rced convection heat transfer 
from t he pipe t o t he ambient air and from t he water to the 
p i pe a r e more involve d . 
The forc ed convec t i on heat t r ansfe r coefficient depends 
on the Reynolds number and the ave r age Nusselt numbe r . In 
the case of the aboveground sys tem the r e a re two hea t trans -
fer coefficients tha t need t o be evaluated, t he one be twe en 
the wa t er and t he insi de of the pipe , hw , and t he ot he r 
be tween the exterior of the pipe and t he ou t s i de air, h . For 
3 
the underground ana l ysis the only heat tr ans fe r coefficient 
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that is needed is h , and it is found in the same manner as 
w 
in the aboveground case. 
The connection between the forced convection heat trans-
fer coefficient, h , is made through correlations of the form 
where 
Nu = Nussett number hD 
T 
Re = Reynolds number £ VD 
1-4-
Pr = Prandtl number 
K, n and rn are well established, empirically determ ined con -
stants which correspond to specific applications such as 
whether the flow is inside or outside the pipes; if outside 
whethe r the flow is parallel to, or perpendicular to, the 
pipe axis and whether the pipes are held at a constant tem-
perature or conduct a constant heat flux. 
For the case of interest in this study, with flow inside 
pipes and a cons tant wall temperature, the Dittus and Boel ter 
correlation (12) gives K = 0 . 023 , n = 0 . 8 and m = 1/ 3. The 
value of hw was found to be 673.0 BTU/ft 2 hr °F in all cases. 
For the case of air flow over t he outer surface of the 
pipes the correlation t o be used depends on the Reynolds 
number. Typical speed and air temperatur e da t a ( 12 ) as pre-
sented in Appendix C were used to calculate the Reynolds 
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numbers shown in Table 5 . The appropriate correlation for 
the range of Reynolds numbers is (16) 
Nu = 0.0266 Re o. so 5 Pr113 
For the aboveground cases the Nusselt numbers and the 
heat transfer coefficien t s for the outside air are present ed 
in Table 5 . The values for the heat losses in both above-
ground cases are shown in Table s 6 and 7 . 
Values obtained for the heat losses in both underground 
sys tems can be found in Tables 8 and 9 . 
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Table 5 . Heat Transfer Coefficient s for Outside Air 
Month Re :-.Ju h a 
January 144887 339.1 4.14 BTU / hr ft 2 OF 
February 146893 342 . 8 4 . 24 f l 
March 162129 271 . 1 4 . 60 If 
April 155 79 5 359.0 4. 51 If 
May 135518 320 . 0 4 . 05 If 
June 123049 296.8 3.78 II 
July 111692 274 .5 3 . 51 " 
August 92237 235.4 3 . 00 II 
September 108741 268 . 8 3 . 41 ,. 
Oc to be r 122255 2 9 5. 5 3. 70 II 
ovembe r 147399 343. 7 4 . 24 " 
Decembe r 150459 349.6 4.2 - If 
AVERAGE 132886 316.0 3.95 II 
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Table 6 . Heat Loss from Uninsulated Aboveground Pipe 
Ion t h PVC DCI 
January 2835 BTU/hr ft 12085 BUT/hr ft 
February 2409 It 10567 It 
March 2256 It 1 0448 11 
Apr il 1687 I' 7709 It 
May 1 464 It 6 225 1 • 
June 1 084 It 4405 It 
July 376 II 3391 It 
Augus t 955 II 3334 II 
Sep tember 1 239 11 47 0 3 " 
Octobe r 1861 II 74 53 1: 
November 2482 " 10883 " 
December 2910 ti 12824 II 
AVERAG E 18 28 II 7645 II 
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Table 1 . Heat Loss From Insulated Aboveground Pipe 
Month PVC DCI 
January 4 3. 6 BTU/hr ft 43.4 BTU/hr ft 
February 37.3 " 37 . 2 " 
March 3 .i . .i II 34 .3 " 
April 25 . 8 " 25 . 7 " 
May 22 . 9 II 27 . 7 " 
June 17 . 2 " 17 . 1 " 
J uly 14 . 1 " 14 . 0 " 
August 15 . 9 II 1 :; . 9 " 
Septembe r 20 . 1 " 20 . 0 II 
October 29 . 6 " 29 . 5 " 
>Jovember 38 . 4 " 38 . 3 II 
December .i 5 . 0 II .+ J . 8 " 
AVERAGE 28 .- II 28 . 6 " 
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Table Heat Los s From Buried Insulated Pipe 
Mon t h PVC DC I 
- -· - ---· -- - - -
J anuary 35 . 6 BTU/hr ft 34.3 BTU/h r f t 
February 30.5 II 2 9 . 4 " 
Ma r ch 28 . 2 " 27 .1 II 
April 21. 1 1: 20 . 4 II 
May 18 . 7 
11 18 . 0 11 
J une 17 .1 II 13 . 5 11 
J uly 11. 5 " 11.1 11 
August 13 . 0 11 12 . 6 11 
Sep tember 16 . 4 " 15 . : 11 
24 .2 
October 11 ? - -- .) . .) " 
31. 4 30 . 3 November 11 " 
36 . 8 - .... 
December ., .) ::> • ::> ,. 
AVERAGE 23 . S " 22 . b II 
29 
Tab le 9 . Heat Loss From Buried Uninsulated Pipe 
Mon th PVC DCI 
January 15 5 BTU / hr ft 161 BTU/ hr ft 
11 138 11 February 133 
II 128 11 March 123 
II 96 " April 92 
II 85 11 May 82 
11 64 11 June 61 
Ju l y so 11 
~") 
::> -
11 
11 59 
,, 
August 57 
September 72 11 7 .+ 
II 
Oc tober 106 fl 110 
II 
November 137 11 142 
II 
December 161 11 167 
II 
A\'ERAGE 103 If 
l Oo 11 
To get a be tte r idea of what these heat losses mean, 
Tab le 10 contains da ta for the heat losses in terms of a wa ter 
tempe r ature drop in degrees Fahrenheit for a two mile circui t. 
Since December had t he highest heat los s rate , t he t emperatu r e 
drop cal culations will be made for that month only . Fr om the 
data in the table , t he most economical installation method can 
be determine d . 
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In the PVC and DCI uninsulated - aboveground-case the 
coolant temperature drop is 16° F and 68°F respectively. To 
make up this temperature loss the inlet coolant temperature 
would have to be raised which lowers the electrical generat -
ing efficiency and requires that a high charge be made for 
the was te heat. This cost, calcu lat ed over an operating 
period of 1.15 x 10 5 hours, is more than the cost of burying 
the uninsulated pipe . Also , if there were any outages in 
the winter months, to prevent freezing the water would have 
to be drained from the pipes placed aboveground. Thus, the 
pipes must be bur ied be low the frost line for service in the 
Midwest . 
From the table it can be seen that the advantages of 
insulating pipe to be bu ried are negligib l e , consequen tly 
the appropriate technique will be to use an uninsulated buried 
pipe to car r y the coolant from the power plant to t he user. 
Installation Costs 
To install an underground piping sys t em , a ditch must be 
dug, the pipe put in and assembled , and the ditc h bac kfill ed . 
The costs associated with these activities are based on data 
taken from (2 0) and are compared in Tab le s 11 a nd 12 f or the 
different sys t ems. 
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Tab l e 10 . Wa t e r Temper a t ure Drops 
PVC DCI 
Un i nsulated aboveground 15 . 5 OF 68. 3 OF 
Insulated aboveground . 24 OF .24 OF 
Insulated buried . 20 OF .19 OF 
Uninsulated buried .86 OF . 89 OF 
Table 11. Costs fo r the Insta l led PVC Pipe Sys tem 
Dist anc e Pipe Size Cos t of Ins t al l ation 
(mil e s ) (inches ) (do ll a r s) 
1/ 2 8 23 , 000 
10 24 , 000 
12 2-:- ' 000 
1 10 28 , 000 
12 55,000 
2 10 96 , 000 
12 11 0 , 000 
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Tablel2 . Cos ts for the Installed DCI Pipe System 
Dis t ance Pipe Size Cost of I nstallation 
(miles ) ( inches ) (dolla r s ) 
1/2 8 27 , 000 
10 29 , 000 
12 32,000 
14 41 , 000 
1 10 58,000 
12 65 , 00 0 
14 82 , 000 
16 87 , 000 
2 10 116, 000 
12 129 , 000 
14 163, 000 
16 175, 000 
The t ype of trench to be used is shown in Figure 3 . A 
common ditch, where both supply and return pipes are in the 
same hol~ is utilized because of the l ow temperature of the 
water being pumped. Damp , sandy loam , typical of much of 
the Midwest is the soil type assumed in the calculations. 
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~------- T -------i 
I 
D 
~-----1 fjl 
I~ .. -s~-1 l/2 
Figure 3 . Ditch Confi gura t ion 
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By calculating the amount of earth removed, the cost of 
digging and backfilling the tr ench is ob tained. The depth 
is six feet and t he width at the bottom of the trench is found 
by adding both pipe diameters , a minimum of one - half foot 
between the side slope and the closest pipe, and a minimum 
of one foot be t ween the pipes. The volume of earth to be 
remov ed pe r foot of trench is given as (20) : 
where 
Cubic ya rds / lineal foot = l/Z(B+T) x D 
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B = width at bottom of trench 
T = width at top of trench 
D = depth of trench 
Electrolytic corrosion is a possible concern when burying 
any type of iron pipe. Cathodic protection is protection 
against pipe corrosion due to interactions be tween the pipe 
and soil acids. The t ype of ductile cast iron pipe conside red 
in this report withstands this type of corrosion very well 
(21) and the suppliers recommend that no cathodic protection 
be provided . 
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Operating Costs 
The importance of operating and maintenance costs on the 
economic evaluation and comparison of hea t transport systems 
cannot be overestimated. Decisions between possible systems 
base d on equipment costs alone may prove to be wrong when 
actual operating and maintenance costs are introduced . Meado r 
(2 2) notes that if these costs are not carefully predic t ed , 
then the choice of the pumping s ystem re flec ts an acceptance 
of a trial and err or process or, at best , an impression of 
past experience leading usua ll y to an unnecessarily high over-
all cost . 
The costs of operating the pump to transpo rt the water 
around the circuit can be significant in determining which 
system is the most economical. Operating costs are bas ed on 
the head and flow ne eded for the sys tem. To calculate the 
number of kilowatts needed , the following equations were used 
( 2 3 ) : 
Q x 10 x H 
33,000 
= h' ~H . P . 
W. H. P. 
= B.H .P . 
pump efficiency 
B. E.P . E. H.F . motor efficiency = 
E . H . P x (_ . .., ..i o·'"), = i· n p t i t k L. • ' t t 
• ~ L \\·a S 
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Where Q = f low - gal / min 
H = total head - feet 
W.H . P. = working horsepower 
B. I-:'. . p. = brake horsepower 
-· 
E.E . P . = electrical horsep ower 
The actual time during which the heat transport system 
would be expected to be in ope r ation ref le c ts the fact that 
during at least two summer month s no heat would be requi r ed 
and that r outine plant maintenance would involve shutdowns 
lasting an additional t wo months during the year . Thus 24 
hours a day, 8 months per year and a 20 year life t otals to 
1.15 x 10 5 hours . The a s sociated operating costs are shown 
in Table 13. 
Maintenance Costs 
Maintenance costs may be estimat ed in various way s . 
The technique used in this research is to take a f i xed per-
centage, 2.5 percent pe r year , of the capi tal investment ( 24) . 
Table 14 shows the total cost for maintenance over a twent y 
yea r period for bo t h t ypes of syst ems . 
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Table 13. Operating Costs for Pumping Sys tem 
Distance 
(miles ) 
1/2 
1 
2 
Pipe Size 
( inches) 
8 
10 
12 
14 
10 
12 
14 
16 
10 
12 
l~ 
16 
Operating Costs 
(dollars ) 
_. 733,000 
253,000 
104,000 
53, 000 
506, 000 
207,00 0 
96 , 000 
63 , 000 
986 , 000 
392, 000 
lS "' , 000 
114 , 000 
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Tab le 14 . ~la in t enance Costs 
PVC DCI 
Distance Diameter Maintenance Di ameter Ma intenance 
(miles ) (inches ) Cost ( inches ) Cos t 
(dollars ) (dollars ) 
1/2 8 34,000 8 31 , 000 
10 47 , 000 10 34 , 000 
12 57 , 000 12 38 , 000 
14 45 , 000 
1 10 84 , 000 1 0 61 , 000 
12 108 , 000 1 2 71 , 000 
14 86 , 000 
16 96 , 000 
2 10 166 , 000 10 121 , 000 
12 215,000 12 l-+1,000 
14 17 2 , 000 
16 lJ}.l. 0 00 
Gr oss Costs 
In v1ew1,1g the tota l costs pr esen t ed in Tables 15 and 
16, a conclusi on can be drawn abou t which sys t em is the most 
economica l. The cos ts of eac h system ar e shown both before 
and aft e r the opera ting and maintenance costs were added . As 
was stated earlier, the ope rating and maintenance costs are so 
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large that the cost ranking of the systems established on 
the basis of equipment cost alone has been changed. Ductile 
cast iron is still favored over polyvinylchloride for the 
pipes but now it can be seen that large sized pipes provide 
the most economical system. 
Table 15. PVC Gross Costs 
Distance Diameter Cost Before Operating Gross Cost 
(miles) (inches) Operating and Nfai: n - (dollars ) 
Maintenance tenance 
(dollars) Costs 
(dol l a r s) 
1/ 2 8 69 , 000 767 , 000 336 , 000 
10 95 , 000 300 , 00 0 395, 000 
12 ll.t, 000 161,000 275 , 000 
1 10 168 , 000 590,000 758 , 000 
12 216 , 000 315, 000 531 , 000 
2 10 332 , 000 1,15 2 , 000 l,..+3 4, 000 
12 431 ,000 607 , 000 1, 038 , 000 
4 0 
Table 16 . DCI Gross Co sts 
Distance Diame t er Cost Before Operating Gross Cost 
( mi l es) ( inches) Operating & and Main- ( dollars) 
Maintenance tenance 
(dollars) ( dollars ) 
1 / 2 8 61,000 764 , 000 3 25, 0 0 0 
10 67 ,0 00 28 7, 000 354, 000 
12 77 ,0 00 142,0 00 219,00 0 
14 90 , 000 98 , 000 138,00 0 
1 10 122,0 00 567 , 000 689 , 000 
12 142 , 000 278 , 000 42 0 , 000 
14 172, 000 182 , 000 354,0 00 
16 19 2 , 00 0 159 , 000 351, 000 
2 10 241, 000 1 , 107, 000 1,348,00 0 
1 2 281, 000 533, 000 814 , 000 
14 343, 000 35 9 , 000 702 , 000 
16 383 , 000 3 06 , 00 O· 689,000 
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C01'!CLUS IONS 
The objective of this research was t o es tablish the most 
economical thermal conveyance sys t em. By doing this the 
l a rgest fraction of t he t ota l cost of a was t e heat utilization 
sys tem will be reduced and therefore help waste heat utiliza -
tion become economically feasible. 
In thi s stud~ t he mo s t economical thermal conveyance 
system featured duct i l e cas t iron pipes of 14 - inc h diameter 
for a f low distance of one -hal f mil e and 16-inch di ame ter fo r 
flow distances of one and two miles. 
Comparing thi s thermal conveyance sys tem to o t he r s t udies 
that have been done (8 , 22) , it can be seen that this sys t em 
is less expensive . The reason is that the temoerature of t he 
wate r in the o t he r studies is hi~her (3 00°F ) than the 
t emperature of the water used in th e study. A l s~ i n the 
Minneapolis-St . Paul stud~ the pipe was be ing in s talled in the 
city which wou l d account for the higher cos t . 
Sinc e t his study is a continuation of the work of Roberts 
and Bahr (7), it woul d be sensib l e t o compare results and de-
termine if the idea of waste heat utili zation is economical. 
In the Robe rt s and Bahr stud~ i t was calculated that for 
certain configura t ions that using waste heat was cheaper than 
usin g conventional fuel t o heat gree nhouses or r aise fish . 
Utili zing the mo st economical conveyance system, it was found 
that the net sav in gs gained over a 20 year period, when using 
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both greenhouse and aquaculture fa~ilities, is more than 
twice the cost of the conveyance system. 
Therefore, by looking at these r esul t s it can be said 
that waste heat utilization is economical and useful . But, 
as was stated by Daugard and Sundaram (2 ) , the impacts 
of waste heat utilization should not be viewed in terms of 
projections based on presen t- day engineering, social and 
economic considerations, but should be viewed in terms of 
the basic changes in the coming years in the na ture of 
generation and utilization of energy . 
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SUGGESTIONS FOR FUTURE WORK 
This research has covered a small but significant area 
of the work necessary in the study of waste heat utilizati on . 
Some of the work that should be done to further investigate 
the technical and economic feasibility of was te he a t utiliza-
tion is stated as follows: 
(1) Study existing systems , both in the U.S. and in 
other countries, to obtain actual cost data on maintenance 
costs, pipe placement techniques, the nature of the ground in 
which the pipe must be laid, the effect of existing ground 
use, and actual savings over conventional local heating 
methods. 
(2) Investigate the economic effects of introducing 
locally produced fish and vegetables into the market . 
(3) Study t he possibility of reduced operating costs 
associated with a system employing a number of small pumps in 
paralle l, with only the pumps needed at any given time in 
service . 
(4) Examine the regulations t hat may govern the trans -
port and/or use of waste heat and the economical and tech-
nical problems associated with those regulations. 
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Appendix A 
Pipe Specifications 
Ductile Cast Iron (2 1) 
Inside 
Diamete r 
(in) 
8 
10 
12 
14 
16 
Thick-
ness 
( in ) 
. 27 
. 29 
. 31 
. 33 
. 34 
We ight per 
foot 
(lbs) 
24 . 1 
31. 8 
40 . 6 
50 . 6 
59.6 
Cost per 
foot 
(dollars ) 
8 . 10 
10 . 60 
13. 40 
16. 30 
19 . 00 
Pressure 
Range 
(psi ) 
35 0 
35 0 
35 0 
350 
35 0 
Ductile Cast Iron Thermal Conductivity - 19 BTU/h r f t °F 
Polyviny l Chloride * 
Inside Thick- We i gh t per Cos t per Pres su r e 
Di ameter ness foo t foot Range 
( in ) ( in ) ( lbs ) (dollars ) (ps i ) 
8 . so 8 . 2 12 . 30 25 0 
10 . 59 12 . 3 21. 10 250 
12 . 69 17. 1 29 . 40 250 
Polyvinyl Chlorid e Thermal Conductivity - . 8 BTU/h r ft °F 
*PVC Pressure Pi pe Sal es Brochure, Rob int ech Corp ., Indus-
trial Ave. Grinnell , Iowa 501 12 
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Appendix B 
Pump Charac t e ri s tic Cu r ves 
In Figur e 4 t he characteri stics for a 10 x S x 12 
ho r izontal split case pump are shown . On these curve s the 
head losses, for the 14 and 16 inch ductile cast iron pipe, 
for a distance of 1 mile have been plotted . Fr om this 
figure it can be seen for the 14 inch cas e that the pump, 
along with a 25 horsepowe r mot or can supply up to 4 more 
feet of head than is needed. Also, for the 16 inch case th is 
pump with a 20 horsepower motor can supply up to 1 2 more 
feet than is needed . Therefore, if there is a greater head 
loss than was originally calculated, the pump will be able 
t o supply the need. 
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Appendix C 
Average tenthly Air Temperatures and Velocities ( 7) 
Month Outs ide Ai r Temperatur e Wind Veloci t y 
January 21. 9 OF 13 . 0 mph 
Feburary 33 . 1 OF 13.5 mph 
March 38 . 3 OF 15 . 0 mph 
0 
April 53. F ld . 9 mph 
May 59 . 0 OF 13 . 0 mph 
June 69 . 2 OF 12 . 0 mph 
July 74.7 OF 10 . 8 mph 
August 71. 4 OF 9 . 0 mph 
Sep t ember 64. 0 OF 10 . 2 mph 
Oc tober 46 . 9 OF 11. 5 mph 
~ovembe r 31. 1 OF 14 . 6 mph 
Decembe r 19 . 3 OF 1-i . s mph 
AVERAGE 48 . 6 OF 12 . S mph 
